The breakthrough development of clinically effective immune checkpoint inhibitors illustrates the potential of T-cell-based immunotherapy to effectively treat malignancies. A remaining challenge is to increase and guide the specificities of anticancer immune responses, e.g., by therapeutic vaccination or by adoptive T-cell transfer. By analyzing the landscape of naturally presented HLA class I and II ligands of primary chronic lymphocytic leukemia (CLL), we delineated a novel category of tumor-associated T-cell antigens based on their exclusive and frequent representation in the HLA ligandome of leukemic cells. These antigens were validated across different stages and mutational subtypes of CLL and found to be robustly represented in HLA ligandomes of patients undergoing standard chemo-/immunotherapy. We demonstrate specific immune recognition of these antigens exclusively in CLL patients, with the frequencies of representation in CLL ligandomes correlating with the frequencies of immune recognition by patient T cells. Moreover, retrospective survival analysis revealed survival benefits for patients displaying immune responses to these antigens. These results directly imply these nonmutant self-peptides as pathophysiologically relevant tumor antigens and encourages their implementation for cancer immunotherapy.
cancer immunotherapy | chronic lymphocytic leukemia | tumor-associated antigens | therapeutic vaccination | HLA F or a long time peptide-based immunotherapy fell short of its potential to achieve meaningful responses in the clinical setting of cancer therapy (1, 2) . A disequilibrium between proposed tumor-associated antigens on the input side (3) and functional vaccines on the output side (4-6) became strikingly apparent. This might in part have been due to the distorted relationship of gene expression and HLA restricted presentation of the corresponding gene product (7, 8) . In contrast, a recent study on vaccination with naturally presented tumor-associated peptides identified by direct analysis of primary tumor-derived HLA ligands reported specific, nontoxic vaccine-induced immune responses, which were associated with improved clinical outcome (6) . On the other hand, experimental cancer immunotherapy using adoptive transfer of antigen-specific T cells showed high efficiency but also severe toxicity in some patients due to presence of target antigens on normal tissues (7) . Both situations underscore the importance and potential of identifying (patho-) physiologically relevant targets by direct differential analysis of the entire landscape of HLA-presented peptides, termed the HLA ligandome.
Here, we mapped the nonmutant HLA ligandome of chronic lymphocytic leukemia (CLL) with the aim of developing a CLLspecific multipeptide vaccine. The immunogenicity of CLL, as revealed in GvL-effects and cases of spontaneous remissions (8) (9) (10) , as well as favorable immune effector-to-target cell ratios present in situations with minimal residual disease (MRD) suggest that CLL might be effectively targeted by T-cell-based immunotherapy (11, 12) . Furthermore, the highly variable and in some patients prolonged course of disease indicates an underlying mechanism of tumor control (13) . However, so far only very few CLL-associated antigens that are able to elicit specific T-cell responses have been described (14) (15) (16) .
We identified a novel category of ligandome-defined tumorassociated antigens (LiTAAs; source proteins of HLA ligands on tumor cells), which were frequently and exclusively detected in CLL patients. Specific immune recognition of the corresponding HLA ligands (LiTAPs) was observed exclusively in CLL patients, remarkably showing a direct correlation with the frequency of HLA restricted presentation. Furthermore, retrospective survival analysis points to an association of LiTAP-specific immune responses with improved overall survival in CLL patients.
Results
Primary CLL Cells Display No Loss or Down-Regulation of HLA Expression. HLA loss or down-regulation in malignancies may pose a major limitation for T-cell-based immunotherapy (17) . Therefore, we determined the HLA expression levels on primary CD19 + CD5 + CLL cells compared with autologous CD19 + CD5 − B lymphocytes. HLA surface levels were quantified by flow cytometry in a panel of 7 CLL patients, which revealed patient-
Significance
Effective cancer immunotherapy relies on specific immune recognition of tumor-associated and tumor-specific antigens. In chronic lymphocytic leukemia (CLL), the highly variable course of disease implicates an underlying mechanism of tumor control by the immune system. In this study, we directly analyzed the landscape of naturally presented CLL antigens and identified targets conveying immune protection. These novel antigens might be valuable both for patient stratification and for inducing therapeutic antitumor immunity. Taken together, we demonstrate that CLL is subject to spontaneous T-cell responses targeting nonmutated antigens, which are associated with improved patient survival and provide novel options for the immunotherapy of CLL. individual heterogeneity with total HLA class I molecule counts ranging from ∼42,500-288,500 molecules/cell on CLL cells and ∼32,000-256,500 molecules per cell on normal B cells. Patientindividual analysis of HLA surface expression in triplicates revealed small, albeit significant differences in expression levels (P < 0.01) for 4 of 7 patients (Fig. 1A) . HLA-DR expression ranged from ∼29,000-100,500 on CLL cells and ∼19,500-79,500 on normal B cells. Minor differences in HLA-DR levels (P < 0.01) were detected for 5 of 7 patients. Statistical analysis of mean surface expression of HLA class I and II on CLL cells compared with normal B cells showed no significant differences ( Fig. 1 C and D) . (Fig. 2A) . With the aim of designing a broadly applicable off-the-shelf peptide vaccine, we subsequently prioritized the selection of potential targets according to the following criteria: CLL-exclusivity was defined as paramount criterion, followed by ranking of antigens according to frequency of representation in CLL ligandomes (Fig. 2B) . Our platform highlighted 49 source proteins (0.7% of the CLL source proteome) represented by 225 different HLA ligands showing CLL-exclusive representation in ≥20% of CLL patients (Table S3) . Applying the same antigen ranking strategy to HV PBMC exclusive antigens, a set of 70 ligandome-defined benign tissue-associated antigens (LiBAAs) and 273 corresponding ligands (LiBAPs) were identified (Table S4) for use as internal control in immunological assays. To estimate the false discovery rate of LiTAA identifications, randomized virtual ligandomes were simulated in silico and the resultant numbers of false positive LiTAAs were calculated and plotted for different frequencies of representation (Fig. 2D ). For the implemented threshold of ≥20% CLL-exclusive antigen presentation the false discovery rate was estimated to be 15.3%.
To extrapolate the number of original LiTAAs yielded at increased cohort sizes we randomly sampled size-reduced cohorts and defined the resultant LiTAAs (for each whole-numbered fraction). Nonlinear expression analysis locates the plateau value of LiTAAs at 69.7 proteins (Fig. 2C) .
Apart from broadly represented CLL-LiTAAs suited for the design of off-the-shelf vaccines, a second panel of 2,099 CLLexclusive antigens with representation frequencies <20% was identified. These targets lend themselves as repositories for more individualized therapeutic approaches (19) . (Table S5 ). These clusters were found to be distinct from functional clusters found in HLA class I LiBAAs and HLA class I common "housekeeping" source proteins. However, the small sizes and low enrichment scores of these clusters do not indicate LiTAAs to be associated with specific, characteristic biological processes. KEGG pathway analysis (21) of HLA class I LiTAAs did not identify any overrepresented pathways. To assess whether LiTAAs show CLL-associated overexpression on the mRNA level, we investigated a publicly available dataset (GEO profiles, dataset GDS3902), which contains gene expression profiles of 12 CLL patient peripheral blood samples compared with peripheral blood from 5 healthy volunteers (22) . We found 11 of the 49 LiTAAs to be overexpressed in these CLL patients, 5 of 49 LiTAAs to be down-regulated, and 33 of 49 LiTAAs not to show any significant differences in gene expression (Table S6) . Detection of Naturally Presented HLA Class I Ligands Derived from Established CLL-Associated Antigens. Alongside the identification of novel CLL-associated antigens, a secondary approach focused on the ranking of the few established CLL-antigens within our dataset. We identified 28 different HLA ligands representing 8 described CLL-associated antigens (Table S7) . Notably, only fibromodulin (FMOD 324-333 , RINEFSISSF, HLA-B*15) showed CLL-exclusive representation, ranking at #437 of CLL antigens in our dataset, due to low frequency of representation in the CLL patient cohort. The remaining 7 antigens showed representation both on CLL and HV PBMC, thus failing to fulfill the criterion of CLL-exclusivity. However, for CD19, CD20, RHAMM and PRAME, CLL-associated overrepresentation of varying degrees was detected (Fig. 2E ).
Comparative Ligandome Profiling Identifies LiTAAs Shared Among
Different Disease Stages and Risk Strata. To assess the applicability of the novel targets across different stages of disease, we performed subset-specific ligandome profiling comparing patients in disease stages Binet A (n = 9), B (n = 7), and C (n = 14). Overlap analysis of the 2,148 CLL-exclusive source proteins revealed that 550 (25.6%) of them were shared among at least two stages, with a core group of 137 proteins (6.1%) represented in patients of all three disease stages (Fig. 3A) . Of note, 45 of 49 (91.8%) of LiTAAs (Table S3) belong to the core group of shared source proteins represented in all three subsets. Heatmap analysis of the representation frequencies of all 49 LiTAAs across Binet stages A, B, and C is shown in Fig. 3B . Another focus was placed on determining the representation of LiTAAs in the subsets of high-risk patients carrying the 17p13 deletion (del17p, n = 5) compared with patients without this genetic aberration (no del17p, n = 25). We found 77.7% of the identified LiTAAs to be represented in both subsets (Fig. 3C) . Together, these data support the devised strategy of cohortcomprising analysis of HLA ligandomes for selection of broadly applicable targets.
Functional Characterization of HLA Class I LiTAPs Reveals CLLAssociated Immunoreactivity. To evaluate the immunogenicity and specificity of our HLA class I LiTAPs, we performed 12-d recall IFNγ ELISPOT assays. A panel of 15 LiTAPs (6 A*02, 3 A*03, and 6 B*07 LiTAPs) was implemented for stimulation of HLA-matched PBMC obtained from CLL patients and healthy volunteers (Fig. 4A) . We observed IFNγ secretion for 14 of 15 (93.3%) of tested LiTAPs in CLL patients (Fig. 4 A and C and Fig. S2 C and F) , but not in healthy controls (0 of 10, Fig. 4B and Fig. S2 B and E) . These findings were confirmed exemplarily for P A*03 3 (DMXL1 1271-1279 SSSGLHPPK) by tetramer staining of CD8 + T cells and intracellular cytokine staining for IFNγ and TNFα (Fig. S3 A and B) . ELISPOT assays using HLA-matched benign tissue-derived LiBAPs were performed to control for the CLL-specificity of the observed LiTAP-directed immune recognition in CLL patients. We tested a panel of 9 LiBAPs (3 A*02, 3 A*03, 3*B*07, Table S4 ) and observed no significant IFNγ secretion in any of the tested CLL patients [0 of 7 A*03 (Fig. 3D) , 0 of 10 A*02 and 0 of 5 B*07 (Fig. S2 A and D) ].
The Frequencies of HLA Restricted Presentation and Immune
Recognition Show a Direct Correlation. For the 14 of 15 LiTAPs showing immune recognition in one or more patients, we calculated the allele-adjusted frequencies of HLA restricted presentation (as detected by LC-MS/MS) and the frequencies of immunoreactivity (as detected by ELISPOT) in CLL patients. Strikingly, a linear correlation of these two parameters was observed (Pearson's r = 0.75, R 2 = 0.56, Fig. 4E ). For six patients, we were able to perform both, HLA ligandome analysis and functional characterization in ELISPOT assays. Notably, all three patients that were positive for presentation of specific LiTAPs in LC-MS/MS analysis also showed immune recognition of these LiTAPs in ELISPOT assays. On the other hand, we did observe immune reactions to LiTAPs in five patients, which were negative for the respective peptides in ligandome analysis (Table S8) . (23), an optimal vaccine require the inclusion of HLA class II epitopes. We performed overlap analysis of CLL and HV PBMC ligandomes and identified 937 proteins (63.0% of the identified CLL source proteins) to be exclusively represented in the ligandomes of CLL patients (Fig. 5A) . Applying the same antigen-ranking strategy as described for HLA class I, we identified 73 HLA class II LiTAAs represented by 460 corresponding LiTAPs (Fig. 5B and Table S9 ). Functional characterization of a panel of 7 HLA class II LiTAPs (Fig. 5C ) in IFNγ ELISPOT assays revealed significant IFNγ secretion for 6 of 7 (85.7%) LiTAPs in CLL patients (Fig. 5E ), but not in healthy controls (0 of 10, Fig. 5D ). Next, we performed combined analysis of HLA class I and II ligandomes to identify shared, synergistic targets. Overlap analysis of CLL-exclusive source proteins revealed 132 proteins to be represented both in HLA class I and II ligandomes (Fig. 5F ). Heatmap analysis identified 2 proteins displaying representation frequencies ≥20% in both ligandomes (Table S10 ). The most distinct clusters identified were a large group of nuclear lumen derived source proteins presented on HLA class I and a highly enriched cluster of vesicle-derived proteins presented on HLA class II. The clusters for HLA class I-and II-shared source proteins generally showed lower levels of enrichment, with the most prominent cluster comprising proteins from the lysosome/endosome pathway, followed by membrane-bound and extracellular proteins, hinting at cross-presentation on HLA class I as an underlying mechanism. Of note, for HLA class II, two clusters of cellendogenous source proteins derived from the cytosolic ribosome and the nuclear pore were identified, indicating underlying mechanisms of autophagy and cross-presentation.
Longitudinal Analysis of CLL Patient Ligandomes Under Different
Therapeutic Regimens. A rational setting to apply peptide-based immunotherapy is maintenance therapy and eradication of MRD.
As a consequence, peptide vaccination in CLL would mainly be performed after standard chemo-or immunotherapy. Therefore, we analyzed HLA expression and performed ligandome profiling across different time points of CLL patients undergoing different therapeutic regimens.
We quantified HLA class I and II surface expression in 4 patients undergoing rituximab treatment (Rt 0h , Rt 24h ) and in 1 patient receiving alemtuzumab (At 0h , At 72h , At 7d , Fig. S4 A-D) . HLA surface expression showed patient-individual heterogeneity with no significant changes in mean HLA class I (Rt 0h = 50,500, Rt 24h = 48,000; At 0h = 42,500, At 7d = 61,500) and HLA class II (Rt 0h = 36,500, Rt 24h = 27,500; At 0h = 47,000, At 7d = 55,500) expression over the course of either therapeutic regimen.
Longitudinal HLA class I ligandome profiling was performed in single patients undergoing rituximab-bendamustin, alemtuzumab and ofatumumab treatment, respectively (Fig. 6 A-C) . Differential presentation (defined as ≥twofold change with P ≤ 0.05 after Bonferroni adjustment for multiple testing) was observed for 0.73% (n = 14) of HLA class I ligands under rituximabbendamustin treatment, for 7.4% (n = 182) of ligands under alemtuzumab treatment and for 6.5% (n = 98) of ligands under ofatumumab treatment. Overall, 6 LiTAPs representing 6 of the total of 32 LiTAAs (18.8%) detectable in these three patients were revealed to be differentially presented over the course of therapy. Of note, 5 of 6 (83.3%) of these LiTAPs showed significant up-regulation posttherapy.
Immune Responses Against LiTAPs Are Associated with Improved
Overall Survival of CLL Patients. As a last step, we investigated the prognostic relevance of LiTAP-specific immune responses. We performed retrospective survival analysis of 45 CLL patients analyzed by ELISPOT assay (Table S11) . We dichotomized patients into groups with T-cell responses specific for 0-1 LiTAPs (n = 32) versus >1 LiTAP (n = 13) according to previous results in RCC patients demonstrating significantly higher levels of disease control in patients showing responses to multiple antigens (6) . We found that 9 of 32 (28.1%) of patients in the low-responding cohort, versus 0 of 13 of patients in the highresponding cohort had died. A strong indication for prolonged overall survival in the high-responding cohort compared with the low responders based on survival time from study enrollment (P < 0.05, Fig. 7A ) as well as survival time from diagnosis was observed (P = 0.0695, Fig. 7B ). This analysis does not consider differences in disease stage, cytogenetics or preceeding treatments.
Discussion
With T-cell-based immunotherapy proclaimed as the scientific breakthrough of 2013 (24), the research field finally revealed its inherent potential for highly effective cancer therapy (25) (26) (27) . Remaining challenges lie in guiding the specificity and increasing the frequency of antitumor immune responses and expanding the spectrum of targetable entities (26) . A rational and promising approach to achieve this goal is (multi) peptide vaccination (28, 29) . For this purpose the identification of immunologically relevant, tumor-associated antigens is indispensable and enabled by the direct analysis of naturally presented HLA ligands. Here, we comprehensively mapped the landscape of naturally presented HLA ligands in primary CLL samples and assessed interpatient individuality as well as treatment-induced changes in the HLA ligandome composition. We implemented a new strategy, which defines a novel category of tumor-associated antigens strictly based on their exclusive and frequent representation in CLL ligandomes. This approach identified a panel of 49 HLA class I LiTAAs showing broad and frequent representation across different Binet stages and mutational backgrounds as well as robust presentation under chemo-/immunotherapy, thus representing suitable candidates for broadly applicable off-the-shelf peptide vaccines, also after standard treatment of CLL. Reverse bioinformatics analysis of LiTAAs, such as functional annotation clustering and gene expression analysis did not lead to the identification of comprehensive unifying characteristics which would enable the categorization or even prediction of LiTAAs. This result indicates the unique character of the HLA ligandome and underscores the importance of defining T-cell antigens by direct differential ligandome profiling. The relatively high false discovery rate (15.3%) at the implemented threshold for LiTAA definition is considered an acceptable tradeoff between assay stringency and discovery rates, as the profiling approach was used as a screening step to identify candidates for subsequent immunological validation.
Recognition of tumor-associated peptides by the immune system is a fundamental requirement for effective T-cell-based immunotherapy (30) . Recent studies showing promising results focused on mutated neoantigens, which, in theory, constitute tumor-specific and highly immunogenic targets (23, 31, 32) . Here, we observed spontaneous T-cell responses targeting nonmutant epitopes in CLL patients. We validated these immune responses to be CLL-associated and directed strictly against CLL antigens (LiTAPs), thus indicating tumor-dependent priming of T cells specific for nonmutated tumor epitopes in vivo in CLL patients. This immunoreactivity against "self" in the context of cancer has long been established as a component of anticancer immune responses (33) and a range of nonmutant tumorassociated antigens (TAAs) have been described (3). However, recently it became evident that in solid tumors, only a small fraction of the tumor antigens described so far -including mutated and nonmutated epitopes -are frequently and effectively targeted by T-cell responses (34) , even in the context of immune checkpoint modulation (35) . By corollary, a large proportion of the specificities of tumor-reactive lymphocytes remain undefined. Surprisingly, in the study at hand we fairly frequently observed spontaneous T-cell responses targeting the novel antigen class of LiTAAs in leukemia patients. We also found that some of the established TAAs, when evaluated directly and strictly on the HLA ligandome level, show lacking degrees of tumor association and frequencies of presentation. Similar observations were made in our previous study of AML antigens (36) . Together, these results suggest that direct, HLA ligandome-centric approaches might be indispensable for the identification of immunologically relevant, but otherwise inconspicuous, tumor antigens and might help explain the lacking immunogenicity observed for some of the previously proposed TAAs.
Interestingly, for immunoreactive LiTAPs the direct correlation between frequencies of epitope detection in CLL ligandomes and frequencies of LiTAP-specific immune recognition by CLL patient PBMC might indicate that antigen presentation on cancer cells is the major prerequisite/limiting factor for the priming of LiTAP-specific immune responses. The, presence of LiTAP-specific T cells in patients could be explained by the absence of negative thymic selection for these antigens due to tumor-specific alterations in antigen presentation not paralleled in the thymus. Further investigations aiming to elucidate the naïve T-cell repertoire including T-cell receptor affinities and the cellular processes leading to the exclusive appearance of antigen on cancer cells in LiTAP-specific immune responses are ongoing.
As CD4 + T cells play important indirect and direct roles in antitumor immunity (23, (37) (38) (39) (40) (41) (42) , we further applied our profiling approach to HLA class II ligandomes, identifying a panel of 73 additional class II LiTAAs. Notably, one of the HLA class II LiTAPs was found to contain a complete, embedded HLA class I LiTAP, which points to a striking new option for synergistic vaccine design as discussed in recent publications (43, 44) . Such naturally presented embedded HLA ligands might represent optimal vaccine candidates that are recognized by both, CD4 + and CD8 + T cells. Interestingly, the clusters of proteins presented on both HLA class I and II were found to be derived from cellular compartments typically associated with the HLA class II presentation, thus indicating cross-presentation on HLA class I as the mechanistic basis of this dual representation.
To investigate the clinical relevance of anti-LiTAP immune responses in CLL patients, we performed retrospective survival analysis and observed a survival benefit for patients showing immune reactions to multiple of the tested LiTAPs. This result indicates the involvement of these immune responses in disease control in CLL patients and directly implies LiTAAs as pathophysiologically relevant tumor antigens in leukemia. In consequence, these malignancies might be targeted effectively by immunotherapy despite their reported low number of somatic mutations (45) , which are currently viewed as the most highly active targets for T-cell-based immunotherapy. The LiTAPs we find on tumor cells based on tumor-specific antigen processing modalities may well be of similar immunogenicity as mutated antigens, if our hypothesis of the absence of such processing modalities in the thymus is correct.
In conclusion, the HLA ligandome-centric approach might prove an invaluable tool for antigen discovery and re-evaluation as well as for patient stratification. In CLL, it enabled the identification of a panel of novel immunogenic nonmutated epitopes amenable for clinical application and provided a new perspective on the immunogenicity of this malignancy.
Materials and Methods
Patients and Blood Samples. For HLA ligandome analysis, PBMC from CLL patients (>80% CLL cell frequency) as well as PBMC from healthy volunteers (HVs) were isolated by density gradient centrifugation. Informed consent was obtained in accordance with the Helsinki protocol. This study was performed according to the guidelines of the local ethics committee (373/ 2011BO2). Patient characteristics are provided in Table S1 . HLA typing was carried out by the Department of Hematology and Oncology, University of Tübingen. Samples were stored at −80°C until further use.
Quantification of HLA Surface Expression. To allow for comparison with healthy autologous B lymphocytes, quantification of HLA surface expression was performed in patient samples containing at least 0.5% CD5 −
CD19
+ normal B cells. HLA surface expression was analyzed using the QIFIKIT quantitative flow cytometric assay (Dako) according to manufacturer's instructions. In brief, triplicates of each sample were stained with the pan-HLA class I specific monoclonal antibody (mAb) W6/32, HLA-DR specific mAb L243 (both produced in house) or IgG isotype control (BioLegend), respectively. Surface marker staining was carried out with directly labeled CD3 (BD), CD5 (BD), and CD19 (BD) antibodies. 7-AAD (BioLegend) was added as viability marker immediately before flow cytometric analysis on a FACSCanto Analyzer (BD).
Isolation of HLA Ligands from Primary Samples. HLA class I and II molecules were isolated using standard immunoaffinity purification as described (46, 47) using the pan-HLA class I specific mAb W6/32 and the pan-HLA class II specific mAb Tü39, respectively. sequences contained). The search combined data of technical replicates and was not restricted by enzymatic specificity. Precursor mass tolerance was set to 5 ppm, and fragment mass tolerance was set to 0.5 Da. Oxidized methionine was allowed as a dynamic modification. False discovery rates (FDR) were determined by the Percolator algorithm (48) based on processing against a decoy database consisting of the shuffled target database. FDR was set at a target value of q ≤ 0.05 (5% FDR). Peptide-spectrum matches (PSMs) with B ≤ 0.05 were filtered according to additional, orthogonal parameters, to ensure spectral quality and validity. Mascot scores were filtered to ≥20. For HLA class I, peptide lengths were limited to 8-12 aa of length. For HLA class II, peptides were limited to 12-25 aa of length. Protein grouping was disabled, allowing for multiple annotations of peptides (e.g., conserved sequences mapping into multiple proteins). For quality control, yield thresholds of ≥300 unique HLA class I ligands and ≥100 unique HLA class II ligands per sample were applied. HLA annotation was performed using SYFPEITHI (www.syfpeithi.de) or an extended in-house database.
Longitudinal Analysis of CLL Patient Ligandomes Over the Course of Therapy. For label-free quantification (LFQ) of the relative HLA ligand abundances over the course of therapy, the injected peptide amounts of paired samples were normalized and LC-MS/MS analysis was performed in five technical replicates for each sample.
In brief, relative amounts of substance of paired samples were calculated from average precursor ion intensities determined in dose-finding mass spectrometry runs and adjusted accordingly by dilution. Relative quantification of HLA ligands was performed by calculating the area under the curve of the corresponding precursor extracted ion chromatograms (XIC) using Proteome Discoverer 1.3. The ratios of the mean areas of the individual peptides in the five LFQ-MS runs of each sample were calculated and two-tailed t tests were performed using an in-house Matlab script (v8.2, Mathworks).
Peptide Synthesis. The automated peptide synthesizer EPS221 (Abimed) was used to synthesize peptides using the 9-fluorenylmethyl-oxycarbonyl/tertbutyl (Fmoc/tBu) strategy as described (49) . Synthetic peptides were used for validation of LC-MS/MS identifications as well as for functional experiments.
Amplification of Peptide-Specific T Cells. PBMC from CLL patients and HVs were cultured in IMDM medium (Gibco) supplemented with 10% human serum (PHS), 100 mM β-mercaptoethanol (Roth) and 1% penicillin/streptomycin (PAA). For CD8 + T-cell stimulation, PBMC were thawed and pulsed with 1 μg/mL per peptide. Peptide-pulsed PBMC (5-6 × 10 6 cells per mL) were cultured at 37°C and 5% CO 2 for 12 d. On day 0 and day 1, 5 ng/mL IL-4 (R&D Systems) and 5 ng/mL IL-7 (Promokine) were added to the culture medium. On days 3, 5, 7, and 9, 2 ng/mL IL-2 (R&D Systems) were added to the culture medium. Peptide-stimulated PBMC/CD8 + T cells were characterized by ELISPOT assays or tetramer staining on day 12 and by intracellular cytokine staining on day 13, respectively. For tetramer staining, CD8 + T cells were enriched by positive selection using magnetic cell sorting (Miltenyi Biotec) and stimulated as described above. For CD4 + T-cell stimulation, culture was performed as described for CD8 + T cells with 2 modifications: Pulsing was carried out with 10 μg/mL of HLA class II peptide, and no IL-4 and IL-7 was added.
IFNγ ELISPOT Assay. IFNγ ELISPOT assays were carried out as described (50) . In brief, 96-well nitrocellulose plates (Millipore) were coated with 1 mg/mL IFNγ mAb (Mabtech) and incubated over night at 4°C. Plates were blocked with 10% (vol/vol) human serum for 2 h at 37°C. 5 × 10 5 cells per well of prestimulated PBMC were pulsed with 1 μg/mL (HLA class I) or 2.5 μg/mL (HLA class II) peptide and incubated for 24-26 h. Readout was performed according to manufacturer's instructions. Spots were counted using an ImmunoSpot S5 analyzer (CTL). T-cell responses were considered to be positive when >10 spots per well were counted and the mean spot count per well was at least threefold higher than the mean number of spots in the negative control wells [according to the cancer immunoguiding program (CIP) guidelines (51)].
Intracellular Cytokine and Tetramer Staining. The frequency and functionality of peptide-specific CD8 + T cells was analyzed by intracellular IFNγ and TNFα staining as described (50, 52) . PBMC were pulsed with 10 μg/mL of individual peptide and incubated in the presence of 10 μg/mL Brefeldin A (Sigma Aldrich) and 10 μg/mL GolgiStop (BD Bioscience) for 6-8 h. Cells were labeled using Cytofix/Cytoperm (BD), CD8-PECy7 (Beckman Coulter), CD4-APC (BD Bioscience), TNFα-PE (Beckman Coulter), and IFNγ-FITC (BD). Samples were analyzed on a FACS Canto II. The frequency of peptide-specific CD8 + T cells was determined by staining with anti-CD8 and HLA:peptide-tetramer-PE as described (53) .
Software and Statistical Analysis. Flow cytometric data analysis was performed using FlowJo 7.2 (Treestar). Heatmap analysis of antigen frequencies as well as volcano plot analysis of longitudinal HLA ligandome data were performed using Matlab (v8.2, Mathworks). In-house R and Python scripts were used for the generation of virtual ligandomes and definition of virtual LiTAAs in the analysis of LiTAA false discovery rates and for the LiTAA-plateau regression analysis. GraphPad Prism 6.0 (GraphPad Software) was used for statistical analysis. Statistical analysis of HLA surface expression was based on unpaired t tests. Comparative survival analysis was performed based on a log-rank (Mantel-Cox) test.
